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The ability to drive microcentrifugation for efficient micromixing and particle

concentration and separation on a microfluidic platform is critical for a wide range

of lab-on-a-chip applications. In this work, we investigate the use of amplitude

modulation to enhance the efficiency of the microcentrifugal recirculation flows in

surface acoustic wave microfluidic systems, thus concomitantly reducing the power

consumption in these devices for a given performance requirement—a crucial step in

the development of miniaturized, integrated circuits for true portable functionality. In

particular, we show that it is possible to obtain an increase of up to 60% in the

acoustic streaming velocity in a microdroplet with kHz order modulation frequencies

due to the intensification in Eckart streaming; the streaming velocity is increasing

as the modulation index is increased. Additionally, we show that it is possible to

exploit this streaming enhancement to effect improvements in the speed of particle

concentration by up to 70% and the efficiency of micromixing by 50%, together

with a modest decrease in the droplet temperature. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4963103]

I. INTRODUCTION

The ability to drive intense micromixing and rapid particle concentration at the microscale

is notoriously difficult due to the laminarity of flow that is typical of conventional microfluidic

devices, as reflected by the Reynolds numbers associated with flows in these devices, which are

commonly order 1 and below (Stone et al., 2004). Many attempts have been made to address

poor mixing in these devices, which include the fabrication of structures and channel geome-

tries to passively disrupt the flow laminarity, or the introduction of external fields, e.g., electric,

magnetic, and acoustic fields, among others, to actively drive chaotic advection (Nguyen and

Wu, 2005). Passive mixing strategies, while simple, however, often require fabrication of com-

plex geometries, whereas the active mixers often require large and cumbersome benchtop ancil-

lary equipment such as signal generators, amplifiers, and capillary pumps, which prohibit minia-

turization and integration of the microfluidic device when true portability is required in some

applications (Yeo et al., 2011). Concomitantly, it is even more difficult to drive centrifugal

recirculation in microfluidic devices to exploit hydrodynamic concentration of particles for sam-

ple preconcentration, which is extremely useful, for example, for purification (e.g., separation

of red blood cells from plasma) or as a means to increase detection speed, sensitivity, and

selectivity in biosensors (Yeo et al., 2011). Most attempts to achieve particle concentration in

microfluidic devices have been to employ trapping forces, generated optically (Dholakia et al.,
2008), electrically (Cheng et al., 2007; Cho et al., 2007; Hwang and Park, 2009;

Lewpiriyawong et al., 2012; and Harrison et al., 2015), acoustically (Laurell et al., 2007 and
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Lin et al., 2012), or magnetically (Pamme et al., 2006 and Zeng et al., 2013), to drive local

aggregation. A disadvantage of these schemes in addition to similar constraints in the necessity

for large ancillary equipment for the provision of external fields, however, is that such trapping

is only useful under stationary or weakly flowing conditions as the hydrodynamic drag forces

arising from the flow in drops and channels are usually sufficient to cause dispersion of the

aggregated particle clusters.

Surface acoustic waves (SAWs) offer an attractive alternative to these technologies to

induce micromixing and particle concentration, together with the possibility for driving a wide

suite of microfluidic operations (Yeo and Friend, 2014; Ding et al., 2013; and Destgeer and

Sung, 2015) such as droplet and microchannel transport (Schmid et al., 2012; Baudoin et al.,
2012; Dentry et al., 2014; Collingnon et al., 2015; and Jung et al., 2016), particle trapping (Shi

et al., 2008, 2009; Chen et al., 2014; Destgeer et al., 2013, 2014, and 2015), cooling and heat-

ing (Kondoh et al., 2009; Shilton et al., 2015; and Ang et al., 2015), and jetting and atomiza-

tion (Qi et al., 2008; Tan et al., 2009; and Winkler et al., 2015). The underlying mechanism

that enables these operations is the acoustic streaming (Yeo and Friend, 2014) that arises from

the fluid–structural interactions associated with the undulating boundary as the SAW traverses

the surface of the piezoelectric substrate beneath the fluid (Manor et al., 2012 and 2015). Not

only is SAW acoustic streaming an efficient means for driving chaotic micromixing (Frommelt

et al., 2008b; Shilton et al., 2011; and Jo and Guldiken, 2013) but it also has the advantage of

battery-powered operation via a portable driver circuit, therefore permitting miniaturization and

integration of the entire actuation platform together with the chip-based operation (Martins

et al., 2014). More recently, Shilton et al. (2014) demonstrated downward scalability to nano-

litre volumes while still maintaining the ability to rapidly mix the fluids in a droplet, made pos-

sible by increasing the SAW frequency to GHz order (Dentry et al., 2014). On the other hand,

the same SAW platform has been shown to be a powerful tool for driving chip-scale microcen-

trifugation, in which the azimuthal flow recirculation (in a droplet) that arises is sufficiently

intense to rapidly concentrate particles suspended in the flow (Shilton et al., 2008; Glass et al.,
2012; Li et al., 2007; and Destgeer et al., 2016), which can then be exploited for sample pre-

concentration to enhance biomolecular detection sensitivity and selectivity (Bourquin et al.,
2011).

Parenthetically, we note a similar technique that relies on azimuthal recirculation to induce

micromixing and particle concentration has been earlier demonstrated through the use of inter-

facial shear driven by the ionic wind generated at the tip of singular electrodes raised to suffi-

ciently large voltages that result in atmospheric discharge (Yeo et al., 2006a,b; Arifin et al.,
2007; and Hou et al., 2007). Besides the requirement for extremely high voltages and non-

planar electrodes, such schemes are also considerably more inefficient given the need for inter-

facial shear to drive liquid recirculation in the bulk, unlike in the present case wherein the

acoustic energy from the SAW is directly transmitted as bulk sound waves in the liquid, which,

in turn, drives the streaming. This is reflected in the concentration time scales, which are on the

order 1–10 s compared to 102–103 s with discharge-driven flows. Moreover, it is also possible

to obtain much longer range convection with the SAW given that this is governed by the atten-

uation length of the sound wave in the fluid, which can hence be tuned with the applied SAW

frequency; for particle concentration, the requirement is simply that the attenuation length is

below that of the drop dimension (Destgeer et al., 2016).

In this study, we investigate the possibility of enhancing the acoustic streaming velocity

through the use of an amplitude modulation scheme and subsequently demonstrate that this can

be exploited to significantly improve the efficiency of concentrating microparticles and also

micromixing atop the SAW device. A similar strategy was previously employed by Rajapaksa

et al. (2014) to enhance the rate of atomization for nebulizer applications, in which it was

shown that a twofold increase in the rate with the same input power is attainable. Unlike SAW

atomization, however, which requires high intensity acoustic fields (commensurate with acoustic

Reynolds numbers (Rozenberg, 1971) ReA � qU1kf=ð2pbÞ � 1, where U1 the acoustic particle

velocity, kf the acoustic wavelength in the liquid and b ¼ 4l=3þ lB, in which l and lB are

the shear and bulk viscosities of the liquid, respectively) to destabilize the air–liquid interface,
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our focus in this work is confined to weaker acoustic fields (ReA < 1) wherein the deformation

of capillary waves at the air–interface is negligible and hence the acoustic energy supplied to

the fluid by the SAW is largely converted to driving the acoustic streaming recirculation within

the drop. In this respect, the amplitude modulation is expected to assume a completely distinct

role compared to that for SAW atomization where the role of the kHz order modulation was

predominantly applied to excite bulk vibration modes of the drop associated with capillary–

inertia resonance (Blamey et al., 2013) in order to destabilize its interface.

II. EXPERIMENT

The SAW device used in the study comprised a 128� rotated Y-cut X-propagating, single-

crystal lithium niobate (LiNbO3) piezoelectric substrate fabricated with a focusing elliptical

single-phase unidirectional transducer (FE-SPUDT) (Shilton et al., 2008) with 30 finger pairs

(see Fig. 1) using standard UV photolithography. In particular, the FE-SPUDT was constructed

from 750 nm thick aluminium atop a 4 nm thick chromium layer, both sputter deposited on the

LiNbO3 substrate. To generate the SAWs, a sinusoidal electric signal generated from a primary

wavefunction generator (WF1966, NF Corporation, Japan) was amplified using a high fre-

quency amplifier (25A250A, Amplifier Research, USA), and subsequently applied to the FE-

SPUDT. The frequency of the electrical signal was set at 30.5 MHz in order to match the reso-

nant frequency fSAW of the FE-SPUDT, determined by the spacing of its fingers. For amplitude

modulation, a secondary wavefunction generator (DG 1022, Rigol, China) was connected to the

primary function generator; modulation frequencies of fm¼ 1, 5, 10, 15, and 20 kHz were

employed.

In order to quantify the total input electric power of the modulated signal to the

SAW device, the modulation index (Frenzel, 2007) m � Vm=Vc was first calculated, in which

Vm ¼ ðVmax � VminÞ=2 is the modulating signal voltage, Vc ¼ ðVmax þ VminÞ=2 the carrier signal

voltage, and Vmax and Vmin the maximum and minimum RMS voltages, respectively. The vol-

tages were measured using a voltage probe (TPP 0201, Tektronix, USA) connected to an oscil-

loscope (TDS 2012C, Tektronix, USA). The total input electric power of the modulated signal

can then be calculated (Frenzel, 2007) from We ¼ Pcð1þ m2=2Þ, in which Pc ¼ VcIc is the

RMS power of the carrier signal and Ic ¼ ðImax þ IminÞ=2 the carrier signal current, wherein

Imax and Imin are the maximum and minimum RMS currents, respectively, measured using an

AC current probe (P6022, Tektronix, USA). We note that the SAW device was not designed to

match the impedance of the source, i.e., a fraction of the input power is reflected back to the

source due to the mismatch in the source and device impedances.

FIG. 1. Schematic illustration of the SAW device on which a focusing elliptical single-phase unidirectional transducer (FE-

SPUDT) is patterned. The approximate location where the droplet is placed on the device to break the symmetry of the

acoustic radiation into the liquid and hence to generate azimuthal recirculation within it is shown.
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In each experiment, a controlled volume of deionized (DI) water was carefully pipetted

onto the substrate. In order to generate the azimuthal recirculation necessary to drive particle

concentration and micromixing in the droplet, the droplet is placed asymmetrically such that

only a part of it lies in the SAW propagation path following the symmetry breaking procedure

suggested in preceding studies (Shilton et al., 2008 and Li et al., 2007). In this case, the droplet

was placed such that the center of the droplet is approximately 3 mm from the leading edge of

the transducer, as illustrated in Fig. 1. In order to maintain its shape, the droplet is confined in

a circular area by patterning a thin layer of superhydrophobic coating (NeverWet, Rustoleum,

USA) on the substrate with a 5 mm diameter circular exclusion (bare surface) where the droplet

is to be placed in order to prevent its spreading under the SAW excitation. The superhydropho-

bic modification was carried out by directly spraying two coating layers—a base coat and a top

coat—on the SAW device, allowing 30 min of drying time at room temperature in between the

application of each layer. Prior to spraying, the 5 mm diameter circular exclusion area was

masked using tape. The experiments in Sections II A, II B and II C were then conducted to first

measure the acoustic streaming velocity within the droplet and hence to subsequently quantify

the effectiveness of the amplitude modulation in enhancing acoustic streaming and thus particle

concentration and micromixing.

A. Enhancement in acoustic streaming

To investigate the relationship between the amplitude modulation frequency fm and the

acoustic streaming velocity Udc; /p ¼ 6 lm diameter fluorescently-tagged polystyrene spherical

microparticles (Polysciences, USA) were suspended in deionized water droplets with volume

Vd ¼ 5 l‘ at a concentration of approximately 5%. We note here that the streaming velocities

are insensitive to the particle size in the 1–10 lm range where the tracer particles are suffi-

ciently large that Brownian diffusion effects can be neglected but sufficiently small such that

their presence does not disrupt or influence the flow field. These tracer particles were then illu-

minated using a 480 nm fluorescence light source (AM4113t-GFBW, Dino-Lite, Taiwan) and

their motion tracked using a high speed camera (M310, Phantom, USA) operating at 300

frames/s connected to an optical microscope (BX41M, Olympus, Japan) at 20� magnification.

The particles were tracked using the supplied camera software (PCC 2.2, Phantom, USA) from

which their average velocities can be determined, which is a good approximation of the acous-

tic streaming velocity Udc. These velocity measurements were carried out for three different

input powers We: 22 mW, 92 mW, and 156 mW. For each input power, different amplitude

modulation frequencies fm—1, 5, 10, 15, and 20 kHz—were examined. Additionally, the tem-

peratures of the substrate and the droplet were measured using a thermal imager (TIM160,

Micro-epsilon, Germany) at a record rate of 100 Hz.

B. Particle concentration efficiency

To demonstrate the efficiency of using amplitude modulation to improve the particle con-

centration process, we employ the same high speed imaging system to visualize the particle

dynamics. More specifically, we determine the time required to concentrate the particles sus-

pended in the droplet through a pixel intensity analysis (Mathematica 9.0, Wolfram, USA) of

successive grayscale image frames acquired from the high speed video. The normalized stan-

dard deviation in the pixel intensity can be calculated by dividing the standard deviation of the

pixel intensities for a given frame with respect to that for the first frame. The concentration

time tc can then be defined as the time required for the normalized standard deviation to reach

a constant value (Shilton et al., 2008 and Li et al., 2007). The effects of three different sizes of

fluorescent polystyrene microparticles, 6 lm, 10 lm, and 25 lm, used without further surface

modification, in 5 ll deionized water droplets with the concentration held approximately at 5%

were examined. For each particle size, the experiments were repeated using the different input

powers and amplitude modulation frequencies specified above.
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C. Micromixing efficiency

Finally, we demonstrate the use of amplitude modulation to improve the mixing process in

the droplet. To observe the mixing process, a small amount of 1.5 ll dark blue food dye was

pipetted onto a 6 ll glycerin droplet; the total volume of the droplet after addition of the dye is

7.5 ll. To minimize initial mixing due to convective currents that could arise during pipetting,

high viscosity glycerin was used in this experiment instead of deionized (DI) water and the

introduction of the dye to the droplet was carried out slowly and with care (Shilton et al.,
2008). The mixing process was then recorded using the same high speed camera system but

with a high intensity bright-field illuminator (OSL, Thorlabs, USA). The normalized standard

deviation in the pixel intensity was used to quantify the mixing performance by calculating a

mixing efficiency; a value of 0 represents perfect mixing, whereas a value of 1 represents the

no mixing case. In addition, an effective diffusivity Deff can be approximated from a linear

regression of the plot of the normalized standard deviation in the pixel intensity against time

(Shilton et al., 2008); the gradient of the slopes in the plots of the normalized standard devia-

tion in the pixel intensity as a function of time is proportional to �D/L2, in which D is the dif-

fusivity and L the characteristic length scale of the droplet. The experiments were conducted

for several different modulation frequencies (1, 5, and 15 kHz) and input powers (107, 165, and

264 mW).

III. NUMERICAL ANALYSIS

To gain qualitative insight on how the amplitude modulation leads to an intensification of

the flow, we turn to a simplified two-dimensional numerical model for acoustic streaming,

which consists of boundary layer streaming (L < kf ) and Eckart streaming (L > kf ), the latter

arising due to dissipation of the sound energy as the SAW leaks into the droplet at the

Rayleigh angle (Friend and Yeo, 2011 and Yeo and Friend, 2014); L is the characteristic length

scale of the streaming. The governing equations are the continuity equation (Morse and Ingard,

1986 and Nyborg, 1988)

@q
@t
þr � qu ¼ 0; (1)

the Navier-Stokes equation

q
@u

@t
þ q u � rð Þu ¼ �rpþ lr2uþ lB þ

l
3

� �
rr � u; (2)

and a thermodynamic relationship describing the adiabatic process (Beyer, 1988 and

Rozenberg, 1971)

p� p0 ¼ A
q� q0

q0

þ B

2

q� q0

q0

� �2

; (3)

where p is the pressure, u¼ (u, w) the fluid velocity, t the time, A ¼ q0c2
0 and B ¼ q2ð@c2=@qÞ

in which c is the sound speed. The subscript “0” denotes the fluid properties at equilibrium and

c0 is the isentropic sound speed for small-signal amplitudes. Under the assumption of infinitesi-

mally small amplitude waves, the method of successive approximations can be employed to

linearize the equations above wherein a perturbation expansion in the small parameter �¼U/c0

� 1, where U is the characteristic acoustic particle velocity, is imposed on the pressure and

density fields (Morse and Ingard, 1986 and Nyborg, 1988)

u ¼ u0 þ �u1 þ �2u2 þ � � � ; (4)

p ¼ p0 þ �p1 þ �2p2 þ � � � ; (5)
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q ¼ q0 þ �q1 þ �2q2 þ � � � (6)

By substituting Eqs. (4)–(6) into Eqs. (1)–(3), the first-order (acoustic field) approximations to

these equations can then be written as (Morse and Ingard, 1986 and Nyborg, 1988)

@q1

@t
þ q0r � u1 ¼ 0; (7)

q0

@u1

@t
¼ �rp1 þ lr2u1 þ lB þ

l
3

� �
rr � u1; (8)

and

p1 ¼ c2
0q0: (9)

Given the assumption of small amplitude deformations, we note that these linear equations are

strictly applicable only when the acoustic field is weak, i.e., ReA < 1.

At the next order, the fluid motion consists of a superposition of the steady-state and time-

oscillating harmonic flows. Time averaging all terms, the second-order (acoustic streaming)

approximation to Eqs. (4)–(6) become

r � ðq0u2Þ þ r � hq1u1i ¼ 0; (10)

q0

@udc

@t
þ q1

@u1

@t

� �
þ q0hu1 � ru1i ¼ �rpdc þ lr2udc þ lB þ

l
3

� �
rr � udc; (11)

and

pdc ¼
1

2

c2
0

q0

B

A
hq2

1i þ 2q0qdc

� �
; (12)

wherein h�i refers to time averaging of the terms within and the subscript “dc” refers to the

steady-state terms. Combining Eqs. (10) and (11) and separating the first-order quantities from

the remaining terms, we obtain an expression for the steady-state acoustic streaming force den-

sity (Morse and Ingard, 1986 and Nyborg, 1988)

Fdc ¼ q0

@udc

@t
þrpdc � lr2udc; (13)

and

Fdc ¼ � q1

@u1

@t

� �
� q0hu1 � ru1i �

1

q0

lB þ
l
3

� �
hrr � q1u1ð Þi: (14)

Equations (7)–(9) can then be solved to model the acoustic wave propagation in the fluid,

whereas Eqs. (12)–(14) can be solved to model the acoustic streaming (Tan et al., 2010). A

finite difference time domain numerical scheme (Schr€oder and Scott, 2000) was used to obtain

solutions to these equations on a two-dimensional rectilinear (x�y) computational domain (Fig.

2) of dimension 4 mm� 2 mm; the longer axis constituting the y-direction. Given a grid size

Dx¼Dy¼ 2 lm, approximately 24 computational nodes are assigned to a wavelength kf. On the

surface of the acoustic radiator (0	 x	 4 mm and y¼ 0), a sinusoidal boundary condition for

the first-order instantaneous acoustic velocity is imposed to simulate the SAW propagation on

the LiNbO3 substrate (Frenzel, 2007)

u1 ¼ ½uSAW sin ðhSAW � p=2Þ þ um sin hm sin ðhSAW � p=2Þ
 exp ð�x=aSAWÞ; (15)
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w1 ¼ ðwSAW sin hSAW þ wm sin hm sin hSAWÞ exp ð�x=aSAWÞ; (16)

as shown in Figure 3(a). hSAW ¼ xSAWt� kSAWx; hm ¼ xmt� kmx; kSAW ¼ xSAW=cSAW; km

¼ xm=cSAW; xSAW ¼ 2pfSAW, and xm ¼ 2pfm; cSAW being the velocity of the SAW on the

LiNbO3 substrate. uSAW ¼ wSAW represents the peak amplitude of the SAW and um¼wm the

peak amplitude of the modulation wave; the modulation index is thus approximated from

m � um=uSAW ¼ wm=wSAW. To allow for the attenuation of the SAW along the substrate surface

beneath the droplet due to leakage of its energy into the liquid, we have imposed a characteris-

tic attenuation length (Shilton et al., 2014 and Frommelt et al., 2008a), which can be approxi-

mated as a�1
SAW � 0:45kSAW½qSAWcSAW=ðq0c0Þ
. The other three boundaries are approximated by

perfectly matched layer conditions (Tan et al., 2010, 2009; and Schr€oder and Scott, 2000). We

note that at the low excitation powers used to drive micromixing and particle concentration, the

deformation of the droplet interface is typically negligible and hence the motion of the air–li-

quid interface is not considered in the analysis. To ensure computational stability, the Courant

criterion was adopted (Anderson, 1995).

Two distinct hydrodynamic forces—the streaming force within the viscous boundary layer

of thickness (Morse and Ingard, 1986) dv � ð2l=q0xÞ1=2
and that outside the boundary layer—

are dominant in the flow within the droplet (Manor et al., 2015 and Rezk et al., 2014). Given

that the characteristic length scale of the droplet Ld � 10�3 m  dv � 10�7 m, it is possible to

assume that the streaming force within the viscous boundary layer is insignificant as compared

FIG. 2. A two-dimensional schematic of the computational domain used to model the propagation of the acoustic waves. The drop

is assumed to be a hemisphere of diameter Dd¼ 3.6 mm. The boundary condition that simulates the SAW propagation is applied

from xa to xb. The average acoustic streaming velocity is computed at three different heights: y � 0:92kf ; 18:4kf , and 27:6kf .

FIG. 3. (a) Instantaneous velocity boundary condition (Eqs. (15) and (16)) in the x-direction u1 (�) and the y-direction w1

(�) imposed on the substrate surface (y¼ 0) from xa to xb (see Fig. 2) in the absence of amplitude modulation (fm¼ 0). The

attenuation of the SAW along the substrate surface is approximated as exp ð�x=aSAWÞ�1
, where a�1

SAW is the characteristic

SAW attenuation length. (b) Variation in the acoustic velocity in the y-direction w1 at x¼ xa as a function of the number of

cycles for different modulation indices: (i) m¼ 0 (no modulation), (ii) m¼ 0.25, (iii) m¼ 0.5, and (iv) m¼ 0.75; the fre-

quency of the SAW is fSAW¼ 30 MHz and the modulation frequency is fm¼ 100 kHz.
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to that outside the boundary layer, and, as such, adopt larger grid spacings than the boundary

layer thickness, i.e., Dx ¼ Dy dv, to reduce computational cost. We note that the acoustic

streaming outside the boundary layer is associated with thermoviscous attenuation, which, for

the case of a plane sound wave propagating in an unbounded medium and for xss � 1, where

ss ¼ b=ðq0c2Þ is the relaxation time (Kinsler et al., 2000), is characterised by an attenuation

coefficient (Hamilton et al., 1998) defined by a � bx2=ð2q0c3
0Þ, where b ¼ 4l=3þ lB, in which

l and lB are the shear and bulk viscosities of the liquid.

IV. RESULTS AND DISCUSSION

A. Enhancement in acoustic streaming

It can be seen from Fig. 3(b-ii–iv), which examines the acoustic velocity along the

y-direction at a fixed arbitrary location x¼ xa, that the maximum acoustic velocity amplitude

increases, whereas the minimum acoustic velocity amplitude decreases in the presence of

amplitude modulation (m> 0), and that this change in the velocity amplitude is sensitive to

the modulation index m: increasing m leads to larger maximum acoustic velocity amplitudes

and smaller minimum acoustic velocity amplitudes. At the same location (x¼ xa), it is then

possible to evaluate the change in the amplitudes of the maximum and minimum acoustic

velocities for different modulation indices, from which we observe a linear dependence of

their magnitudes jU1j ¼ ðu2
1 þ w2

1Þ
1=2

on the modulation index (Fig. 4(a)); note that for

fm¼ 100 kHz, the maximum acoustic velocity amplitude occurs at t ¼ ð1=4Þf�1
m (or n¼ 75),

whereas the minimum acoustic velocity amplitude occurs at t ¼ ð3=4Þf�1
m (or n¼ 225),

n ¼ tfSAW being the number of cycles. Given that the steady-state acoustic streaming velocity

scales as the square of the instantaneous acoustic velocity, i.e., Udc � U2
1, which we estimate

as the average of the squared acoustic velocity amplitude at the maximum and minimum

points, i.e., jU1j2avg ¼ ðjU1j2t¼1=ð4fmÞ þ jU1j2t¼3=ð4fmÞÞ=2, it can be seen from Fig. 4(b) that the

acoustic streaming velocity increases with increasing modulation index as Udc � 10m.

Figure 5 shows the instantaneous acoustic pressure p1 within a Dd¼ 3.7 mm droplet, which

is slightly smaller than that used in the experiment Dd� 5 mm due to limitations in the domain

size we are able to simulate, at t ¼ 100f�1
SAW (n¼ 200) and t ¼ 300f�1

SAW (n¼ 300), arising as a

consequence of leakage of the SAW energy from the substrate into the droplet, when no ampli-

tude modulation is present (m¼ 0). It can be seen that strong standing waves inside the droplet

arise after 300 cycles (Fig. 5(b)), consistent with the results shown by Brunet et al. (2010).

Despite the simplicity of the approximate model, the computed magnitude of the steady-state

streaming velocity Udc, on the order 10�3 m/s, is consistent with that in the experiments in

Fig. 7. More importantly, the intensification of the acoustic streaming in the droplet with ampli-

tude modulation, i.e., increasing m, can be qualitatively captured by averaging the magnitude of

FIG. 4. (a) Change in the magnitude of the acoustic velocity jU1j ¼ ðu1 þ w1Þ1=2
at x¼ xa for different modulation indices

m over two different time cycles: t¼ 1/(4 fm) representing the maximum amplitude (�) and t¼ 3/(4 fm) representing the

minimum amplitude (�). Note that m¼ 0 represents the case where amplitude modulation is absent. The trendlines were

added to aid visualization. (b) Average squared values of the acoustic velocity amplitude jU1j2avg ¼ ðjU1j2t¼1=ð4fmÞ
þ jU1j2t¼3=ð4fmÞÞ=2 at x¼ xa at the two different time cycles for different modulation indices. The dotted line represents a

least square fit (R2¼ 0.991) and suggests that Udc � 10m.
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the acoustic streaming velocity Udc ¼ ðu2
dc þ w2

dcÞ
1=2

at three different heights y/kf¼ 9.2, 18.4,

and 27.6 as shown in Fig. 6 for a modulation frequency fm¼ 100 kHz, which we shall observe

are consistent with that observed in the experiments in Fig. 7(a) (fm¼ 100 kHz and

fSAW¼ 30.5 MHz); the relationship obtained from the experimental results, i.e., Udc � 10m, is

consistent with the numerical results (Fig. 6). Additionally, we also observe in Fig. 6 that the

enhancement in the streaming velocity becomes increasingly prominent the further the distance

from the substrate surface, i.e., larger y/kf, suggesting that the increase in streaming velocity

with amplitude modulation is more significant for larger droplets.

Figure 7(b) shows that the acoustic streaming velocity increases by approximately 30% in

experiments with low frequency amplitude modulation (fm¼ 1 kHz) compared to the case in

which the signal was not modulated (fm¼ 0). Further monotonic increases in the acoustic

streaming velocity can then be obtained by increasing the amplitude modulation frequency until

about 10 kHz, after which any further changes in the streaming velocity become insignificant.

The reduction in the streaming velocity when fm< 10 kHz can be attributed to the increase in

the modulation wavelength km/4 beyond the thermoviscous attenuation length a�1, i.e., km/

4> a�1, which results in a decrease in the acoustic streaming velocity until it approaches the

value for the streaming velocity in the absence of amplitude modulation (fm¼ 0). This can be

seen more clearly when one notes that the modulation wavelength km/4 at fm¼ 10 kHz, which is

approximately 37 mm, becomes comparable to the attenuation length a�1� 40 mm for

FIG. 6. Results from the numerical simulation showing the relationship between the average acoustic streaming velocity

Udc ¼ ðu2
dc þ w2

dcÞ
1=2

and the modulation index m at three different heights in the droplet: y� 9.2kf (�), 18.4kf (�), and

27.6kf (�) (see Fig. 2). The modulation frequency is fixed at fm¼ 100 kHz and m¼ 0 represents the case where amplitude

modulation is absent. The dotted lines represent least square fit—R2¼ 1.000 (�), R2¼ 0.999 (�), and R2¼ 0.996 (�)—and

suggests that Udc� 10 m.

FIG. 5. Acoustic pressure field p1 in a droplet of diameter Dd¼ 3.6 mm (kf� 49 lm) at time (a) t ¼ 100f�1
SAW and (b) t

¼ 300f�1
SAW arising from sound wave transmission into the liquid as a consequence of the SAW propagation along the sub-

strate beneath it; fSAW¼ 30 MHz and m¼ 0 (no amplitude modulation). It can be seen in (a) that the sound wave leaks into

the droplet at the Rayleigh angle hR ¼ sin�1ðc0=cSAWÞ � 22� (for water c0� 1480 m/s and for LiNbO3 substrate

cSAW� 3990 m/s) and that strong standing waves are formed in the droplet at t ¼ 300f�1
SAW.
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fSAW¼ 30.5 MHz. Overall, we find a maximum increase in Udc of up to 60% with amplitude

modulation frequencies up to 20 kHz.

To ensure that the higher peak of modulated acoustic waves (see Fig. 3) does not drasti-

cally increase the temperature (as a consequence of viscous dissipation of the sound wave in

the liquid), we measured the droplet temperature as well as the substrate surface temperature,

both initially and after 5 min of excitation, under different conditions. As can be seen in the

temperature measurements tabulated in Table I, the surface temperature of the substrate appears

to be almost identical regardless of whether amplitude modulation is employed or not, sugges-

ting that it poses no significant effect on heat generation within the substrate, which is to be

expected since viscous dissipation only occurs in the liquid when sound waves, generated as a

consequence of leakage of energy from the SAW into the liquid, propagate through it. In con-

trast, we note that amplitude modulation causes the droplet to be heated by 7� to 8 �C—1� to

2 �C lower than that in the absence of amplitude modulation where temperature increases of

9 �C for the same input power and droplet volume are measured. This reduction in droplet tem-

perature with amplitude modulation can be attributed to the increase in convective heat trans-

port as a result of the higher streaming velocities. In any case, such a reduction in temperature,

while modest, is an advantage, especially where biological assays are employed in the SAW

microfluidic platforms since heating can have adverse implications on the retention of the struc-

tural and functional viabilities of these biomolecules (Yeo and Friend, 2014).

B. Particle concentration efficiency

The particle concentration process in a 5 ll droplet driven by the SAW microcentrifugation

flow is illustrated in Fig. 8(a) wherein the time tc it takes for microparticles of various dimen-

sions to concentrate at the center of the droplet as a function of the input power We and at dif-

ferent modulation frequencies is reported in Figs. 8(b)–8(d). It can be seen in all cases that the

TABLE I. Measured substrate surface (in the absence of the droplet) and droplet temperatures, initially (T0) and after 5 min

(T5), both in the absence (fm¼ 0 kHz) and in the presence (fm¼ 15 kHz) of amplitude modulation. The input power is held

constant at 156 mW. Where a droplet is present, its volume is held constant at 5 ll.

Substrate surface Droplet

fm (kHz) 0 15 0 15

T0 (�C) 22.9 6 0.1 22.9 6 0.2 21.0 6 0.1 21.0 6 0.2

T5 (�C) 29.4 6 0.5 29.5 6 0.3 30.1 6 0.3 28.2 6 0.1

FIG. 7. (a) Experimental results depicting the relationship between the acoustic streaming velocity Udc and the modulation

index m at three different modulation frequencies fm¼ 5 kHz (�), fm¼ 50 kHz (�), and fm¼ 100 kHz (�) in a 5ll droplet sus-

pended with 6lm particles. The power is fixed at We¼ 20 mW. The dotted lines represent least square fit—R2¼ 0.999 (�),

R2¼ 1.000 (�), and R2¼ 0.999 (�)—and suggests that Udc � 10m, consistent with that shown in Fig. 6. (b) Experimental

results showing the relationship between the acoustic streaming velocity Udc and the modulation frequency fm at two different

powers We¼ 92 mW (�) and We¼ 156 mW (�) in a 5 ll droplet suspended with 6 lm particles. The case fm¼ 0 represents

the condition in the absence of amplitude modulation. The piezoelectric substrate is excited by 30.5 kHz SAWs. Error bars indi-

cate a 62 standard deviation (95% confidence level) from the mean. Trendlines in (b) were added to aid visualization.
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concentration time decreases significantly as the amplitude modulation frequency is increased,

as expected given the increase in the acoustic streaming velocity and, as a consequence, the

drag and the shear rate. The former is an important consideration if the particle concentration

occurs in the bulk due to secondary meridional convection (Raghavan et al., 2010), whereas the

latter is important in the shear-induced migration dominant mechanism responsible for particle

concentration on the free surface of the droplet (Shilton et al., 2008 and Li et al., 2007), which

is the prevalent mechanism in the present case. This can be seen by the linear relationship

between the concentration time and the particle size scaling (see Fig. 9), consistent with that

FIG. 8. (a) Successive time-sequence images showing the concentration of /p ¼ 6 lm diameter particles suspended in a

5 ll water droplet excited at We� 300 mW when subjected to amplitude modulation at a frequency of fm¼ 1 kHz.

Measured concentration times for (b) /p ¼ 6 lm, (c) /p ¼ 10 lm, and (d) /p ¼ 25 lm diameter particles suspended in a

5 ll water droplet excited at different powers We and under different amplitude modulation conditions: fm¼ 0 (without

modulation) (�), fm¼ 1 kHz (�), fm¼ 5 kHz (�), and fm¼ 15 kHz (�). Error bars indicate a 62 standard deviation (95%

confidence level) from the mean. Trendlines were added to aid visualization.

FIG. 9. Relationship between the concentration time tc interpolated from the data in Fig. 8 as a function of the particle

dimension 1=/2
p scaling for a fixed input power (100 mW), under different amplitude modulations condition: fm¼ 0 (with-

out modulation) (�), fm¼ 1 kHz (�), fm¼ 5 kHz (�), and fm¼ 15 kHz (�). Error bars indicate a 62 standard deviation

(95% confidence level) from the mean.
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for shear-induced migration into a vortex (Li et al., 2007) tc � D2
d=ð/2

p _cwÞ, in which _c is the

shear rate, and w the local particle volume fraction in the vortex. The concentration time tc for

/p ¼ 6 lm particles does not fit the 1=/2
p trend; as reported by Li et al. (2007), this is due to

the aggregation of small particles (/p < 10 lm), resulting in larger effective particle sizes and

hence a decrease in the concentration time.

With increasing amplitude modulation frequencies, it can be seen in all cases from Fig. 8 that

the improvement in particle concentration speed, however, diminishes. This is because the increase

in acoustic streaming velocities begins to taper beyond approximately 10 kHz in Fig. 7(b). For a

fixed input power of 100 mW, we observe the reduction in the particle concentration time between

the case of no amplitude modulation (fm¼ 0 kHz) and modulation at 15 kHz to be 50%, 58%, and

69% for /p ¼ 6 lm; 10 lm, and 25 lm microparticles, respectively.

Interestingly, we note that particles with sufficiently large dimensions, which would not

have concentrated without amplitude modulation since the shear-induced drag is insufficient to

overcome the acoustic radiation force which expels the particles to the droplet periphery

(Rogers et al., 2010), are able to concentrate when amplitude modulation is imposed. A simple

explanation is that the drag force for a given particle size increases linearly with the acoustic

streaming velocity, which is enhanced by a factor of two or three under amplitude modulation

of the signal, as observed in Fig. 7(b). On the other hand, the increase in the acoustic radiation

pressure which opposes the drag force is increased marginally when the kHz order modulation

is imposed over the MHz order SAW due to the fourth power scaling of the radiation force

with frequency (King, 1934). As such, the crossover particle size (Rogers et al., 2010) above

which particles no longer concentrate in the centre of the droplet significantly shifts to much

larger particle sizes when amplitude modulation is imposed, thus facilitating the concentration

of particles with much larger dimensions. It then follows that amplitude modulation therefore

forms a useful strategy to circumvent the particle size limitation when concentration is desired,

without necessitating a change in the SAW frequency. Dynamic concentration and expulsion of

FIG. 10. (a) Successive time-sequence images showing the mixing progress of 1.5 ll of dye into a 6 ll glycerine droplet

excited at We¼ 265 mW when subjected to amplitude modulation at a frequency of fm¼ 15 kHz (the droplet circumference

is delineated by the circles in the images). Normalized standard deviation in the pixel intensity to quantify the efficiency of

mixing 1.5 ll of dye into a 5 ll glycerine droplet for three different input powers: (b) We¼ 107 mW, (c) We¼ 165 mW, and

(d) We¼ 265 mW, and various modulation frequencies: fm¼ 0 (without modulation) (�), fm¼ 1 kHz (�), fm¼ 5 kHz (�),

and fm¼ 15 kHz (�). Trendlines were added to aid visualization.
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the particles can also be obtained by switching on and off the amplitude modulation, thus con-

stituting a very simple but yet powerful tool for selective particle manipulation.

C. Micromixing efficiency

Figure 10(a) shows sequential images illustrating the mixing process under SAW excitation

while Figs. 10(b)–10(d) reports the normalized standard deviation in the pixel intensity from

which the efficiency of mixing of a 1.5 ll dye into the 6 ll glycerine droplet can be determined.

After 10 s, the improvement in mixing efficiency between the fm¼ 0 (no modulation) and

fm¼ 15 kHz cases is approximately 22%, 26%, and 51% when the input power is We¼ 107,

165, and 265 mW, respectively, demonstrating that significant improvement in the micromixing

(lower normalized standard deviation) can be achieved with amplitude modulation, due to the

larger acoustic streaming velocities and hence stronger convection within the droplet. Given

that the slopes of the curves are proportional to �D=L2
d, the mixing enhancement due to the

acoustic streaming induced convection can be approximated by the ratio between an effective

diffusivity due to the SAW-driven convective-mixing Deff to the diffusivity in its absence D0

(Shilton et al., 2008). Figure 11 shows a comparison of the mixing enhancement as a function

of the input power for the different modulation frequencies. It is then possible to compare the

effectiveness of mixing afforded by each modulation frequency through a single power law

ðDeff=D0Þ � Wn
e : n¼ 1.82 for fm¼ 0 (without modulation), n¼ 1.15 for fm¼ 1 kHz, n¼ 1.08 for

fm¼ 5 kHz, and n¼ 0.91 for fm¼ 15 kHz.

V. CONCLUSIONS

In this work, we have demonstrated a simple technique to increase the acoustic streaming

velocity in SAW droplet microfluidic platforms via amplitude modulation, thus reducing the power

requirement which is crucial in the development of a portable integrated microfluidic platform.

Unlike previous attempts in which an amplitude modulation scheme was employed under strong

acoustic field intensities (ReA � 1) to induce capillary wave destabilization and breakup for liquid

atomization (Rajapaksa et al., 2014), the work here focuses on systems with low acoustic field

intensities (ReA < 1) where interfacial deformation is negligible. In particular, the acoustic stream-

ing velocity is observed to intensify by increasing the modulation index, which results in larger

peak acoustic-velocity amplitudes of the modulated SAWs; from our numerical simulations, we

expect this increase in streaming velocity to become more significant with larger droplets.

Increasing the modulation frequency is also observed to produce a similar enhancement effect: a

30% enhancement in the streaming velocity is observed with an amplitude modulation frequency

of 1 kHz, increasing to approximately 60% at 10 kHz for fSAW¼ 30 MHz. The enhancement,

FIG. 11. Effect of the input power We on the mixing enhancement, approximated as the ratio of the effective diffusivity

Deff to the diffusivity due to pure diffusional mixing D0 in the absence of SAW-driven convection. Four different condi-

tions were examined: fm¼ 0 (without modulation) (�), fm¼ 1 kHz (�), fm¼ 5 kHz (�), and fm¼ 15 kHz (�).
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however, is observed to diminish when the quarter-wavelength associated with the modulation fre-

quency becomes comparable and subsequently shorter than the thermoviscous attenuation length,

i.e., km=4 < a�1, at increasing modulation frequencies; beyond approximately fm� 10 kHz, no fur-

ther increases in the streaming velocity were observed. We further note that any enhancement in

the acoustic streaming with amplitude modulation is accompanied by a modest reduction in the

droplet temperature, which is a further advantage particularly for biomicrofluidic applications.

Such intensification in acoustic streaming with amplitude modulation is also seen to translate into

faster and more efficient microcentrifugation-driven particle concentration, reducing the time taken

to concentrate particles in the centre of the droplet between 50% and 70% depending on the parti-

cle size. Similarly, the mixing efficiency in the droplet is observed to improve by approximately

50% with the amplitude modulation scheme.
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